T he receptors that bind the Fc fragment of IgG, Fc␥Rs, are expressed, among others, on phagocytic leukocytes and mediate a variety of immune responses, including phagocytosis as well as clearance of immune complexes (1, 2) . Extensive studies of the mechanisms governing phagocytosis revealed that the uptake of particles is a series of coordinated events, from particle recognition and binding, followed by pseudopod extension, phagosome closure, and maturation (3) . All these stages are integrated by a concerted action of protein and lipid kinases (4, 5) . It is widely accepted that the most primordial enzymatic reaction of phagocytic signaling is phosphorylation of two conserved tyrosine residues of Fc␥R located within the so-called ITAM motif (6) . ITAM is attributed to ␥-chains that associate with the transmembrane ligand-binding ␣-chain, together forming oligomeric Fc␥R of classes I and III. The unique human Fc␥RIIA is a monomeric protein combining the extracellular ligand-binding domain and the cytoplasmic ITAM sequence (1, 2) . Mutations of the tyrosine residues of ITAM prevent Fc␥R phosphorylation, abolishing downstream signaling from which abrogation of phagocytosis ensues (7) . The crucial signaling role of ITAM relies on interactions of the conserved tyrosine residues with protein tyrosine kinases of the Src and Syk families. Among them, Src kinases are thought to be responsible for the phosphorylation of ITAM, although under some conditions, Syk may be the kinase that initiates phagocytic signaling (8 -11) .
The binding of particles to cell surface Fc␥R can be dissected from the next step of phagocytosis, referred to as internalization, by conducting the binding procedure at a low temperature. With this approach we demonstrated previously that particles at the stage of binding to Fc␥R were accompanied by high amounts of Lyn, an Src family member (11) . Syk kinase associated with the particles mainly during their internalization. Moreover, the binding of particles, rather than internalization, triggered phosphorylation of Fc␥R and most of the accompanying proteins (11) . It is well documented that binding of particles is achieved by progressive interactions of Fc␥R with IgG that coat the particle surface, as was proposed 3 decades ago in a zipper model of phagocytosis (12) . Simultaneously, clusters of engaged Fc␥R are apparently formed at the bound particle (13) . Recent model studies showed that clustering of Fc␥R, induced by cross-linking with anti-Fc␥R Ab, initiates receptor phosphorylation and downstream signaling cascades (14 -17) . Taken together, the data indicate that clustering of Fc␥ during particle binding is a prerequisite for the receptor phosphorylation and initiation of phagocytic signals.
In this study we investigated whether phosphorylation of Fc␥R and accompanying proteins triggered by particle binding to Fc␥R can reciprocally affect the efficiency of the process or whether the binding of particles to Fc␥R is a simple passive event driven by Fc␥R-ligand interactions. To distinguish between these two possibilities, we studied the influence of Fc␥R phosphorylation on receptor clustering and binding of IgG-opsonized particles and immune complexes. We found that tyrosine phosphorylation of Fc␥R and accompanying proteins facilitates clustering of Fc␥R, in a positive feedback manner, permitting efficient binding of particles and immune complexes.
Materials and Methods

Cell culture and transfection
Baby hamster kidney (BHK) 3 cells stably expressing either wild-type (wt) Fc␥RIIA or Y298F-substituted Fc␥RIIA were generated as described previously (18) . The BHK transfectants and mouse J774 cells were cultured in DMEM containing 10% heat-inactivated FCS, 100 U/ml penicillin, 100 g/ml streptomycin, 1 mM sodium pyruvate, and 2 mM L-glutamine at 37°C in a 5% CO 2 humidified atmosphere. In a series of experiments, the BHK cells bearing wt Fc␥RIIA were transiently transfected with cDNA of kinase-inactive Lyn K275R subcloned into the Flag tag containing pcDNA3 vector or an empty pcDNA3-Flag vector, devoid of the kinase insert (19) . Transfection was performed with the Effectene transfection reagent (Qiagen) according to the manufacturer's instructions, and the cells were used within 36 h.
Binding and internalization of IgG-opsonized particles
Zymosan A (Sigma-Aldrich) was opsonized with human or rat IgG (IgGzymosan) and added to BHK transfectants and J774 cells, respectively. Human IgG were isolated from the human ␥-globulin fraction (Biomed) on a protein A column; rat IgG were purchased from ICN Biomedicals. For opsonization, 3 ϫ 10 7 particles were suspended in 100 l of 50 mM boric buffer, pH 8.8, containing 0.3 mg of IgG and agitated for 3 h at room temperature and overnight at 4°C. Before experiments, the particles were washed and suspended in an ice-cold HEPES-buffered saline (HBS) containing 125 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 1 mM KH 2 PO 4 , 1 mM CaCl 2 , 1 mM MgCl 2 , and 20 mM HEPES, pH 7.4. To promote binding of the particles to the cell surface, the cells (3 ϫ 10 4 /coverslip) were chilled for 10 min in ice-cold HBS and exposed to the opsonized particles for 5-20 min at 4°C, applied at a ratio of 100 particles/cell. Unbound particles were removed by washing the cells with ice-cold HBS, after which the cells were shifted to HBS warmed to 37°C. Bound and internalized particles were counted by a combination of phase contrast and fluorescence microscopy after cell fixation (3% formaldehyde, 30 min, 4°C) and staining with either donkey anti-rat IgG-FITC (Jackson ImmunoResearch Laboratories) or goat anti-human IgG-TRITC (Sigma-Aldrich), assuming that internalized particles were not accessible for the fluorescent Abs. Because BHK cells expressing wt Fc␥RIIA poorly internalized IgG particles, a set of experiments studying particle binding was performed in these cells at 37°C to examine the effect of temperature on binding. At least 200 cells were scored in each set of experiments. We noticed that the binding activity was highest in cells in the logarithmic growth phase; therefore, such cells were chosen for the experiments. In a series of experiments, polystyrene latex beads (3 m in diameter; Sigma-Aldrich) were opsonized with IgG and used for cell stimulation, giving essentially the same results as the IgGzymosan particles.
Binding of IgG immune complexes
Determination of the area of Fc␥RIIA clusters. Human IgG (10 mg/ml) was heated for 25 min at 63°C, cooled on ice, and centrifuged (15 min, 4°C, 18,000 ϫ g). The clarified supernatant containing small aggregates of IgG, referred to as the IgG immune complex (IC), was applied at 100 g/ml in HBS to prechilled BHK transfectants (3 ϫ 10 4 /coverslip) for 5-20 min at 4°C to induce Fc␥RIIA-mediated binding of the complexes. Unbound IC were removed by washing the cells with ice-cold HBS. To quantify the amount of bound IC, the cells were subsequently incubated with goat anti-human IgG-FITC (30 min, 4°C; Sigma-Aldrich), washed, and exposed for 1 min to 150 mM NaCl/20 mM sodium acetate buffer, pH 4.0 (4°C). After recovery, the solutions containing desorbed Abs were neutralized with 1 M Tris, pH 8.8, and the intensity of their fluorescence, reflecting the amount of IC bound, was measured in a spectrofluorometer (Jobin-Yvon Spex) at 495/519 nm. To estimate the area of Fc␥RIIA clusters assembled upon IC binding (5-20 min, 4°C), the cells were fixed with 3% formaldehyde and exposed to anti-human IgG-FITC (30 min, 20°C). The samples were mounted in Mowiol/DABCO (1,4-diazabicyclo[2.2.2]octane; Sigma-Aldrich) and examined under a Nikon microscope. Fluorescent cell images were collected with a digital Nikon DS-5M camera and analyzed with Quantity One software (Bio-Rad) by careful delineation of the contours of the clusters located on the cell lamellae (20) . At least 10 cells from two independent experiments were analyzed in each variant, and 20-30 clusters were scored in every cell.
Isolation of phagocytic particles. Phagocytic particles were isolated essentially as described previously (11) . Briefly, magnetic particles (1 m in diameter; Roche) were opsonized with rat IgG according to the procedure described for zymosan A and applied at a ratio of 20 particles/cell to a suspension of J774 cells in HBS (5 ϫ 10 6 cells/ml). After particle binding (10 min, 4°C) and internalization (5 min, 37°C), the cells were lysed for 20 min in 120 l of ice-cold buffer containing 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, and 50 mM Tris, pH 7.5, supplemented with protease and phosphatase inhibitor mixtures (Sigma-Aldrich). Subsequently, the particles were recovered in a magnetic particle separator (Roche), washed three times in lysis buffer, and boiled in SDS-sample buffer for SDS-PAGE analysis.
Drug treatment
Genistein (Sigma-Aldrich), PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine; Calbiochem and A. G. Scientific), and piceatannol (Alexis Biochemicals) were applied to cells in HBS for 10 min at 4°C (or 37°C when indicated) before particle and IC binding, and the inhibitors were maintained in the medium during the binding. To examine the influence of the drugs on particle internalization in J774 cells, after particle binding, the cells were exposed to the inhibitors for 10 min at 4°C, and internalization was performed in the presence of the drug. As the drugs were dissolved in DMSO, the carrier was added to controls to a final concentration up to 0.1%. The viability of drug-treated cells exceeded 90%, as estimated by trypan blue exclusion.
Localization of Lyn and Syk by immunofluorescence
Cells were fixed for 30 min with 3% formaldehyde in a PIPES/HEPES/ EGTA/magnesium (PHEM) buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 4 mM MgCl 2 , pH 6.9). The fixed cells were washed in TBS (130 mM NaCl and 25 mM Tris-HCl, pH 7.5), incubated in 50 mM NH 4 Cl/PHEM (10 min, room temperature), and permeabilized with 0.05% Triton X-100/PHEM (10 min, 0°C). After blocking in 2% BSA/TBS (40 min, room temperature), the cells were exposed to either rabbit anti-Lyn or rabbit anti-Syk (both from Santa Cruz Biotechnology) for 1.5 h at room temperature. The Abs were prepared in 0.1% BSA/TBS. After extensive washing with 0.1% BSA/TBS, the cells were incubated for 1 h at room temperature with goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) that were conjugated with either Texas Red or FITC, depending on the fluorochrome chosen for revealing IgG-opsonized particles. In control experiments, the incubation with primary Abs was omitted. After extensive washing with 0.1% BSA/TBS, the samples were mounted in Mowiol/ DABCO and examined under a Nikon microscope. Images were taken using either T-MAX 400 ASA film (Eastman Kodak) or with a digital Nikon DS-5M camera.
Analysis of cell surface expression of Fc␥RIIA in BHK cells
To measure the level of cell surface expression of wt and Y298F Fc␥RIIA in BHK cells, flow cytometric and laser scanning cytometric (LSC) analysis were performed. For flow cytometry, cells were detached mechanically from dishes, washed twice with HBS, either fixed or suspended at a density 6 ϫ 10 6 /ml in HBS, incubated for 30 min (4°C) with mouse IV.3 anti-Fc␥RII Ab (American Type Culture Collection), and fixed with 3% formaldehyde in PBS. After washing, cells were incubated for 30 min (20°C) with F(ab) 2 goat anti-mouse IgG conjugated with FITC (ICN Biomedicals) and washed. The suspended cells were analyzed using a FACScan and CellQuest software (BD Biosciences). For the LSC analysis, cells grown on coverslips (0.8 ϫ 10 4 /coverslip) were washed with HBS, exposed to IV.3 Ab (30 min, 4°C), and fixed in 3% formaldehyde. After washing, the cells were incubated with F(ab) 2 goat anti-mouse IgG-FITC (30 min, 20°C) and washed again. The coverslips were mounted in Mowiol/DABCO and scanned by LSC (CompuCyte) using a ϫ20 objective and the argon laser (488 nm excitation). The average fluorescence intensity of at least 1000 objects/BHK-FcR wt and BHK-FcR Y298F cells was determined using LSC software to quantify the surface expression of wt and mutant receptor in the cells.
Immunoblotting
Whole cell lysates were prepared as described previously (18) . Proteins were separated by 10% SDS-PAGE, transferred to nitrocellulose, and probed according to the method described by Kwiatkowska and Sobota (16) with the following Abs: rabbit anti-Lyn, rabbit anti-Syk, mouse anti-actin (ICN Biomedicals), mouse anti-phosphotyrosine, clone PY99 (Santa Cruz Biotechnology), and rabbit anti-Fc␥RII serum (provided by Dr. J.-L. Teillaud, Unité 255, Institut National de la Santé et de la Recherche Médicale, Centre de Recherches Biomedicals des Cordeliers, Paris, France). As secondary Ab, either goat anti-mouse IgG-peroxidase (Santa Cruz Biotechnology) or goat anti-rabbit IgG-peroxidase (ICN Biomedicals) was applied. Immunoreactive bands were visualized with the SuperSignal West Pico chemiluminescent substrate (Pierce) and quantified densitometrically in a Fluor-S MultiImager using Quantity One software (Bio-Rad). Data were evaluated for statistical significance by Student's t test. Prestained molecular mass standards were obtained from Bio-Rad.
Results
The Y298F mutation of Fc␥RIIA and expression of Lyn K275R result in inhibition of binding of IgG-opsonized particles
The importance of protein tyrosine phosphorylation for Fc␥R-mediated phagocytosis is well established (21, 22 ; for review, see Refs. 4 and 23) . By dissecting the binding from internalization of IgG-coated particles, we found that binding stage (4°C), rather than particle internalization (37°C), evoked protein phosphorylation in J774 cells. The internalization was accompanied by dephosphorylation of the majority of proteins (Fig. 1A) . When phagocytosis was induced in BHK cells stably transfected with wt Fc␥RIIA (BHK-FcR wt), a high level of receptor phosphorylation was also found during IgG-zymosan binding (4°C); after 10 min of binding, the phosphorylation level of Fc␥RIIA rose 2.4-fold above the residual receptor phosphorylation found in resting cells. Upon warming of cells (5 min, 37°C), a moderate dephosphorylation of the receptor occurred (Fig. 1B) , although these transfectants were unable to efficiently internalize the bound particles. The receptor phosphorylation decreased by 20% compared with its phosphorylation during particle binding.
To assess whether Fc␥RIIA tyrosine phosphorylation is required for the binding of IgG-opsonized particles, we examined the binding ability of BHK cells expressing Fc␥RIIA mutated on the Cterminal tyrosine residue 298 of ITAM (BHK-FcR Y298F). This mutation precluded Fc␥RIIA phosphorylation upon particle binding ( Fig. 1B; see also Fig. 4A ). Under these conditions, the binding of IgG-zymosan (10 -20 min, 4°C) was inhibited by ϳ70% ( Fig.  2A ). An analysis of cell surface expression of receptors in BHKFcR wt and BHK-FcR Y298F performed by flow cytometry (Fig.  2B ) and using LSC (not shown) revealed that the expression of the mutant receptor was lower by 19.5% than the expression of the wt receptor. To rule out the possibility that the efficient binding of IgG-zymosan by BHK-FcR wt can be attributed solely to the higher expression level of the receptor, the cells were exposed to a Src kinase inhibitor, PP2. Pretreatment of BHK-FcR wt cells with PP2 inhibited binding of the particles in a dose-dependent manner, reaching 50% inhibition at 2 M PP2 (Fig. 2C) . The drug also strongly diminished tyrosine phosphorylation of activated Fc␥RIIA (17) (data not shown). The data indicate that the difference in the binding ability of BHK-FcR wt and BHK-FcR Y298F does not ensue from the different expression levels of the receptors.
We examined whether the inhibitory effect exerted by PP2 on the ability of Fc␥RIIA to bind IgG-particles can be attributed to the low temperature at which the binding was conducted (4°C). We took advantage of marginal internalization of particles occurring in BHK-FcR wt cells at 37°C to assess the influence of PP2 and genistein on particle binding at this temperature. We found that at 37°C, the cells bound particles more avidly than at 4°C (Fig. 2D ). Despite this, the binding was diminished to a comparable extent by the drugs regardless of the temperature at which the binding occurred. Genistein at 150 M reduced binding by 50%, whereas 10 M PP2 reduced binding by nearly 80% (Fig. 2D) .
The data suggest that the activity of Src family kinases is crucial for efficient binding of IgG particles by Fc␥RIIA. These results are in line with the data showing that these kinases catalyze the phosphorylation of Fc␥RIIA (10, 18, 24) . To interfere with the activity of endogenous Src family kinases, we transiently transfected BHK-FcR wt cells with a kinase-inactive Lyn mutant, Lyn K275R. After this transfection, binding of IgG-zymosan was reduced in the whole cell population by nearly 50% compared with the particle binding in BHK-FcR wt cells transfected with an empty vector (Fig. 3A) . In three independent experiments, 27-51% of cells expressed Lyn K275R, as verified by immunofluorescence. Scoring of IgG-zymosan in Lyn K275R-expressing cells revealed that the cells completely lost the ability for the particle binding (Fig. 3B) . We verified the influence of kinase expression on Fc␥RIIA phosphorylation upon activation of the receptor with IC. In contrast to particle binding, binding of IC (10 -20 min, 4°C) activated the whole population of Fc␥RIIA, evoking strong receptor phosphorylation in BHK-Fc wt cells (Fig. 4A) . The receptor phosphorylation was not affected substantially by expression of the empty vector that lacked the kinase insert (Fig. 4, compare A and B) . However, the phosphorylation was attenuated 5-fold in Lyn K275R transfectants compared with controls (Fig. 4B) , confirming that the inactive Lyn mutant interfered with the function of an Src family kinase(s) that phosphorylates Fc␥RIIA in BHK cells.
Tyrosine phosphorylation of Y298F-substituted Fc␥RIIA during binding of IC was not detectable (Fig. 4A) . Surprisingly, we found that under these conditions, binding of IC was reduced by only 25% (Fig. 3C) . The extent of inhibition of IC binding in BHK-FcR Y298F was significantly lower than that exerted on IgG-zymosan binding ( Figs. 2A and 3C) . However, IC binding in BHK-FcR Y298F cells was further suppressed by 25% after pretreatment of the cells with 2 M PP2 (Fig. 3D) . These data suggest that IC binding is controlled by tyrosine phosphorylation of both Fc␥RIIA and some accompanying protein(s). Accordingly, the binding of IC by wt Fc␥RIIA was inhibited to a greater extent by PP2, reaching 50% inhibition, than by ITAM mutation of the receptor only (Fig.  3, C and D) .
Inhibition of activity of Src family kinases reduces Fc␥R-mediated binding of IgG-opsonized particles in J774 cells
To further explore the role of protein tyrosine phosphorylation in Fc␥R-mediated binding of IgG-opsonized particles, we analyzed the binding ability of J774 cells exposed to various protein tyrosine kinase inhibitors. Genistein and PP2 affected the binding of the particles, reaching 85 and 60% inhibition at 150 and 2 M, respectively. Both drugs, applied after particle binding, exerted a weaker effect on particle internalization (Fig. 5, A and B) . In contrast, piceatannol, an Syk kinase inhibitor, profoundly suppressed After 36 h, cells were exposed to IgG-zymosan (10 min, 4°C) to induce particle binding. The number of particles bound in the population of Lyn K275R-transfected cells is shown in relation to that in cells transfected with the empty vector, which is taken as 100%. B, BHK-FcR wt cells transfected with cDNA of Lyn K275R were exposed to IgG-zymosan (10 min, 4°C), fixed, permeabilized, and subjected to Lyn staining. The particles were visualized with anti-human IgG-TRITC applied before cell permeabilization (arrows). The merged image of particle and Lyn staining reveals that Lyn K275R-expressing cells (t) fail to bind IgG-zymosan. Bar, 5 m. C, Binding of IgG immune complexes to BHK-FcR wt and BHKFcR Y298F cells. The cells were exposed to IC (10 min, 4°C), followed by anti-human IgG-FITC (30 min, 4°C). Subsequently, the Abs were desorbed from the cell surface, and their fluorescence was measured in a spectrofluorometer and expressed as a percentage of fluorescence of the intensity found for BHK-FcR wt. D, The influence of PP2 on IC binding by BHKFcR wt and BHK-FcR Y298F cells. Cells were preincubated with the drug for 10 min at 4°C, and the drug was also present during subsequent application of IC (10 min, 4°C). IC binding was measured as described in C and expressed as a percentage of its value found in BHK-FcR wt cells not exposed to the drug. Data are the mean Ϯ SE from three or four experiments.
internalization, causing 88% uptake inhibition at 40 M. However, the drug only slightly affected binding of the particles (Fig. 5C ). It should be noted that piceatannol did not cause detachment of particles bound to the cell surface (data not shown).
The data suggest that the binding of opsonized particles to Fc␥Rs is controlled by the activity of Src, rather than Syk, family kinases. We therefore examined the presence of Lyn and Syk kinases in multimolecular complexes formed at bound and internalized particles (Fig. 6 ). For this, J774 cells were exposed to IgG-coated magnetic particles, lysed either after particle binding (10 min, 4°C) or internalization (5 min, 37°C), and the level of Lyn and Syk associated with the particles was analyzed. High amounts of Lyn were isolated with the particles at the binding stage, whereas during particle internalization, the level of the associated kinase was reduced by 50% (Fig. 6, A and B) . Conversely, the level of Syk associated with the internalized particles exceeded by 2.1-fold the amount of kinase engaged during binding of the particles (Fig. 6, C and D) . It should be noted that PP2 significantly reduced the Lyn content in protein complexes isolated with the bound and, to a lesser extent, internalized particles (Fig. 6, A and B) . The drug also affected the presence of Syk at the bound particles, which is in line with the supposition that Src family kinases can act upstream of Syk. The level of Syk copelleted with particles derived from cells pretreated with piceatannol was markedly reduced at the internalization stage (Fig. 6, C and D) . The drug did not markedly affect the amount of Lyn kinase associating with bound and internalized particles (Fig. 6, A and B) .
Immunofluorescence studies provided additional evidence that Lyn and Syk accumulated preferentially at the particles during binding and internalization, respectively (Fig. 7, A-D) . It is of interest that Lyn surrounded bound particles, forming distinct small clusters (Fig. 7A) . Under the influence of 2-10 M PP2, Lyn, but not Syk, was sequestered in the cytoplasm as a large conglomerate, provided that the drug was applied before particle binding (Fig. 7E) . Under these conditions, large Lyn aggregates were observed in 76 Ϯ 4% of the cell population. In contrast, piceatannol did not affect either Lyn or Syk cellular distribution; in drug-treated cells, Syk kinase remained scattered in the cytoplasm, occasionally forming small aggregates (Fig. 7, G and H) . Comparisons were made between the content of Lyn and Syk associated with particles bound to cells not treated with inhibitors and that bound to cells exposed to PP2 or piceatannol; in cells not treated with the drugs, the levels of the kinases associated with the bound particles vs internalized particles were also compared ‫,ءء(‬ p Յ 0.005; ‫,ء‬ p Յ 0.05). The contents of Lyn and Syk in particles bound to cells not treated with the inhibitors were arbitrarily equalized to 1. In addition, comparisons were made between the level of kinases associated with internalized particles in cells not exposed to the drugs vs drug-treated cells (##, p Յ 0.005; #, p Յ 0.05). Differences were considered statistically not significant (ns) at p Ͻ 0.05.
Reduced ability to bind IgG-opsonized particles and IC is correlated with impaired clustering of Fc␥RIIA
Binding of IgG-opsonized particles to Fc␥R is believed to induce clustering of the receptors, which is a prerequisite for Fc␥R tyrosine phosphorylation and downstream signaling (4, 25) , resembling events that accompany Fc␥R clustering evoked by IC (26, 27) . Because blocking of Fc␥R phosphorylation, with either Src kinase inhibitors or receptor/kinase mutations, was correlated with attenuation of binding, we investigated the clustering ability of FcR Y298F upon IC binding. This was accomplished by estimation of the area of the receptor-IC clusters visualized by immunofluorescence. A short exposure to IC (5 min, 4°C) led to distinct clustering of both Fc␥RIIA wt and Fc␥RIIA Y298F (Fig. 8) . However, the clusters formed by mutant Fc␥RIIA were smaller by 24.1% than those of the wt receptor (Table I) (Fig. 8, delineated contours) . The distinction between the two types of receptor clusters was arbitrary; however, we estimated that the large clusters composed ϳ22% of the whole cluster population in BHK-FcR wt cells. In contrast, BHK-FcR Y298F cells displayed rather uniform, dispersed receptor clusters, the size of which (0.37 m 2 ) was similar to the size of the smaller clusters of wt Fc␥RIIA (Fig. 8 and Table I ). Clustering of wt Fc␥RIIA was suppressed by 36.3 Ϯ 5% under the influence of 2 M PP2 and, to a lesser extent (13.1 Ϯ 3%), by transfection of cells with Lyn K275R.
Discussion
We investigated the mechanism governing the binding of IgGcoated particles to Fc␥R. Our data demonstrate that the particle binding triggers tyrosine phosphorylation of ITAM of Fc␥R and phosphorylation of accompanying proteins. Reciprocally, protein phosphorylation is required for efficient binding of particles to receptors. This was shown by reduction of particle binding under conditions where protein phosphorylation was inhibited by drug treatment and expression of kinase-inactive Lyn K275R that interfered with Src kinase activity. Similar results were obtained after suppression of Fc␥RIIA phosphorylation by ITAM mutation. In our hands, Y298F-substituted Fc␥RIIA of BHK transfectants was not phosphorylated during either IgG-particle binding or extensive receptor activation by cross-linking. The receptor phosphorylation was not seen even after long exposure of films for detection of the chemiluminescent signal (not shown). This could not be caused by a lower level of Y298F Fc␥RIIA expression, which was reduced by only 19.5% compared with the expression of wt Fc␥RIIA. In agreement with our data, no phosphorylation of Y298F Fc␥RIIA was detected in B cell transfectants (24) . Similarly, C-terminal deletion mutant of Fc␥RIIA, lacking the segment including Y298 was not phosphorylated (28) . In contrast, Nakamura et al. (29) reported that a chimera composed of CD8 fused to a 22-aa-long intracellular fragment of Fc␥RIIA, with a corresponding mutation of ITAM, was apparently phosphorylated when expressed in THP-1 cells. One can assume that the availability of the short mutated fragment of the receptor for Src kinases is different from that of the whole, properly organized, intracellular domain of Fc␥RIIA with mutated Y298. It seems that only the full-length receptor, Y298, can be crucial for the phosphorylation of the two other Fc␥RIIA tyrosine residues, Y282 of ITAM and Y275. When examined for IgG-particle binding ability, very strong (70%) inhibition of the binding was correlated with the lack of phosphorylation of the mutant Fc␥RIIA (Fig. 2A) . The relation between particle binding and concomitant protein tyrosine phosphorylation seems to be common to all phagocytic-competent Fc␥R, as observed in both mouse J774 cells expressing Fc␥RI and Fc␥RIIIA and BHK cells stably transfected with Fc␥RIIA. In the latter case we took advantage of the reduced ability of BHK transfectants to internalize IgG-coated particles, rendering the cells useful for binding studies. . Lyn accumulates at bound, whereas Syk at internalized, IgG-opsonized particles, and their presence is disturbed by PP2 and piceatannol, respectively. J774 cells were exposed to IgG-particles for 10 min at 4°C (binding) and shifted to 37°C for 5 min (internalization). PP2 at 2 M, piceatannol at 40 M, and 0.05% DMSO (Cnt) were applied either before particle binding or before internalization. Lyn and Syk were localized in fixed and permeabilized cells with rabbit anti-Lyn and rabbit anti-Syk, followed by goat anti-rabbit IgG-Texas Red. Particles were identified by a combination of phase contrast and fluorescence microscopy and are marked by asterisks. Bar, 5 m. b Two distinct classes of Fc␥RIIA clusters were distinguished; the large clusters constituted 22 Ϯ 4% of the total cluster number (see Fig. 8 ).
In this decade extensive studies have been dedicated to Fc␥R-mediated phagocytosis; however, the bulk of these investigations addressed the mechanisms of particle internalization, whereas the event of particle binding to the receptors was not fully appreciated. Among the numerous studies in which an attempt to interfere with protein tyrosine phosphorylation during Fc␥R-mediated phagocytosis was undertaken, a few investigations concerned binding. They indicated that the phosphorylation is not essential for this stage of phagocytosis. Such was a conclusion of studies using inhibitors of protein tyrosine kinases (21); macrophages lacking Hck, Fgr, and Lyn (30); and Fc␥R mutation (7, 31) . It is difficult to reconcile those data with our results; however, different approaches to examine the binding could explain the discrepancies. In the former studies, the binding of IgG-coated particles was either conducted over a brief period at 37°C, or it was forced by pelleting the particles onto the cell surface by centrifugation. In so-called professional or engineered phagocytes that are able to efficiently internalize IgG particles, binding of the particles at 37°C can be concomitant with the onset of their uptake. In contrast, during pelleting of particles, their interaction with the cell surface can be promoted by a mechanosensing process in which a mechanical stimulus causes activation of Rac1 (32) . In contrast, conducting the particle binding at either 4°C (5-20 min) or 37°C (10 min), but in BHK-FcR wt cells, in which internalization of IgGparticles was disabled, allowed us to isolate the events related solely to binding. Previously, with this approach we revealed an engagement of Lyn, rather than Syk, at the binding stage of phagocytosis (11) . Those data are reinforced by the results presented in this report that imply that the activity of Src family kinases is necessary for the protein tyrosine phosphorylation evoked by binding of IgG-coated particles at 4°C.
How might the phosphorylation of Fc␥R and downstream proteins affect the receptor's ability to bind IgG particles? We found that inhibition of phosphorylation of Fc␥RIIA was correlated with an impairment of Fc␥RIIA clustering. On the basis of these data, we infer that the protein tyrosine phosphorylation triggered by the binding of IgG-coated particles or of IC to Fc␥R is required for efficient clustering of engaged Fc␥R and, in turn, for optimal binding.
The concept that clustering of Fc␥R takes place during particle binding was introduced by Silverstein's group shortly after proposing the zipper model of Fc␥R-mediated phagocytosis (13) . The concept was primarily based on an analogy drawn between phagocytosis and lymphocyte capping. The idea that the clustering serves as a trigger for phagocytic signals was confirmed by recent studies revealing that Fc␥R can be activated without particle binding, simply by cross-linking with anti-Fc␥R Abs (4). Patches of cross-linked Fc␥R resemble those observed at bound IgG-opsonized particles; they are centers of accumulation of tyrosine-phosphorylated proteins, Lyn, Arp2/3, and others (33) (34) (35) (Fig. 7A) . Local accumulation and clustering of Fc␥R during binding of IgGcoated particles were thought to occur by diffusion of the receptor in the plane of the plasma membrane. However, receptor clustering was found recently to be significantly promoted by cell surface ceramide (20, 36) . Ceramide generation occurs at the onset of Fc␥RIIA activation and precedes phosphorylation of the receptor (20) ; therefore, it cannot account for the reduced clustering ability of nonphosphorylated Fc␥RIIA. To explain the later, RhoA was proposed as a downstream effector controlling receptor clustering (37) . This could result from RhoA-dependent engagement of complement receptor 3 (CR3) in Fc␥R-mediated phagocytosis. Mobilization of CR3 by Fc␥R was found downstream of the activity of Src family kinases and was required for optimal phagocytosis of IgG-opsonized particles in mouse RAW264.7 macrophages (38).
One can envisage that inhibition of Src kinases in J774 cells abrogated the mobilization of CR3, which, in turn, resulted in depressed binding of IgG-coated particles (see Fig. 5 ). This concept, however, has limited application in relation to BHK transfectants lacking endogenous CR3. Nevertheless, taking into account the importance of phosphorylation of Fc␥RIIA and other proteins for the binding of IgG-coated particles and IC in those cells, we reasoned that this phosphorylation could be required for the recruitment of other proteins forming a multimolecular complex at activated Fc␥R. In professional phagocytes, those proteins are likely to include scaffolding/adaptor proteins such as Cbl, Gab2, Nck, and Shc (39 -41) . Multimolecular complexes of Fc␥R and accompanying proteins are likely to originate from small aggregates of Fc␥R that have been detected in resting cells by immunoelectron microscopy (35) . Upon particle binding, the initial receptor aggregation can facilitate local phosphorylation of the receptors by Src kinases and thus trigger phosphorylation-dependent recruitment of downstream proteins and their assembly into signaling complexes. The complexes can stabilize the aggregates of Fc␥R in the plane of the plasma membrane through a feedback mechanism, and in this manner facilitate further clustering of the receptor. In turn, clustering of Fc␥R can enhance binding of particles by lowering the apparent off rate. Enhancement of the interaction between clustered receptors and ligands seems to be of special importance for binding of large particles. We found that binding of IC was inhibited in BHK-FcR Y298F cells to a lesser extent than the binding of IgG-opsonized zymosan or latex beads (Figs. 2A and 3C and data not shown). Nevertheless, the inhibitory effect exerted on IC binding by the receptor mutation or by PP2 demonstrates that binding of IC also requires efficient Fc␥R clustering despite the fact that clathrin-based and actin-based mechanisms are engaged in IC and large particle internalization, respectively (3). Presumably, clustering is crucial to the functioning of receptors of low affinity to which Fc␥RII and Fc␥RIII belong. Likewise, clustering of receptors is required for binding of iC3b-coated particles by CR3. Together with conformational changes, the clustering of CR3 ensues from an active process known as inside-out signaling that is induced by several agonists before particle binding (42) . Fc␥R are capable of binding IgG-coated particles without prior stimulation; however, the phosphorylation that accompanies the binding actively promotes receptor clustering and up-regulates the binding.
